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Hepatitis B virus (HBV) includes an X gene (HBx gene) that plays a critical role in liver carcinogenesis.
Because centrosome abnormalities are associated with genomic instability in most human cancer cells, we
examined the effect of HBx on centrosomes. We found that HBx induced supernumerary centrosomes and
multipolar spindles. This effect was independent of mutations in the p21 gene. Furthermore, the ability of HBV
to induce supernumerary centrosomes was dependent on the presence of physiological HBx expression. We
recently showed that HBx induces cytoplasmic sequestration of Crml, a nuclear export receptor that binds to
Ran GTPase, thereby inducing nuclear localization of NF-kB. Consistently, supernumerary centrosomes were
observed in cells treated with a Crm1-specific inhibitor but not with an HBx mutant that lacked the ability to
sequester Crml1 in the cytoplasm. Moreover, a fraction of Crm1 was found to be localized at the centrosomes.
Immunocytochemical and ultrastructural examination of these supernumerary centrosomes revealed that
inactivation of Crm1 was associated with abnormal centrioles. The presence of more than two centrosomes led
to an increased frequency of defective mitoses and chromosome transmission errors. Based on this evidence,
we suggest that Crml1 is actively involved in maintaining centrosome integrity and that HBx disrupts this

process by inactivating Crm1 and thus contributes to HBV-mediated carcinogenesis.

Centrosomes are eukaryotic cellular structures that play a
key role in cell division (5, 33). Centrosomes function as mi-
crotubule-organizing centers which control the number, polar-
ity, and orientation of microtubules during interphase and nu-
cleate microtubules to form bipolar spindles during mitosis (5,
33). Each centrosome contains two centrioles, which adhere to
each other throughout the cell cycle and normally separate
only once during the G,-to-S cell cycle transition, resulting in
centrosome duplication (10, 30). Thus, intricate mechanisms
exist to regulate centriole cohesion and separation, in which
any unscheduled splitting of mother and daughter centrioles
should be avoided.

Centrosome duplication is regulated by many intracellular
events that are essential in maintaining genomic stability. A
normal mitotic cell contains two and only two centrosomes,
which ensure the formation of a bipolar spindle. Abnormal
centrosome duplication is tightly linked to aneuploidy and is
found in virtually every type of human cancer (25). Thus,
disruption of the regulatory mechanisms that ensure the nu-
meral integrity of centrosomes may be an early event in carci-
nogenesis. Consistently, mutation of tumor suppressor genes,
such as p53, Brcal, Brca2, p21, Gadd45, and adenomatous
polyposis coli has been shown to be associated with supernu-
merary centrosomes (6, 15, 17, 21, 22, 34, 39). Moreover,

* Corresponding author. Mailing address: Laboratory of Human
Carcinogenesis, NCI, National Institutes of Health, 37 Convent Dr.,
MSC 4255, Building 37, Room 2C25, Bethesda, MD 20892-4255.
Phone: (301) 496-2099. Fax: (301) 496-0497. E-mail: xw3u@nih.gov.

5282

expression of oncogenic human papillomavirus type 16 E6 and
E7 also leads to supernumerary centrosomes and mitotic de-
fects (12; M. J. Difilipantonio, unpublished data).

Disruption of genes that regulate mitotic spindle assembly
can also lead to abnormal mitosis and genomic instability. For
example, Ran GTPase is an essential factor that regulates
nucleocytoplasmic transport as well as mitotic spindle assembly
(31, 36). Proteins that activate Ran, including RCC1, Ran-
GAP1, and RanBP1, are also essential for Ran-mediated mi-
totic spindle assembly (8, 9). Saccharomyces cerevisiae with a
disruption of SPII, a yeast Ran homologue, is multiseptate,
leading to mitotic hepaloidization and aneuploidy (26). The
conditional inactivation of Crml, a nuclear export receptor
that binds to Ran, leads to disrupted higher-order chromo-
some organization and arrangements of centromeres or telo-
meres in S. cerevisiae (18). Overexpression of RanBP1 induces
multipolar spindles (20). Multipolar spindles can cause aber-
rant mitoses, which may lead to chromosome imbalances and
facilitate carcinogenesis.

Hepatocellular carcinoma is the fifth most prevalent malig-
nant disease worldwide, and more than 85% of hepatocellular
carcinoma cases are associated with hepatitis B virus (HBV) or
hepatitis C virus (4, 7, 14, 28). HBV is a DNA tumor virus
encoding the X oncoprotein (HBx) that contributes to liver
carcinogenesis (14). HBx is essential for HBV replication in
vivo (4) and induces liver cancer in transgenic mice and neo-
plastic transformation in cultured cells (24, 28, 40). HBx is
frequently integrated into the cellular genome and expressed
during the development of hepatocellular carcinoma (14, 28).
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Although HBx does not bind to DNA, it is a potent transcrip-
tional coactivator, a property shared by many viral oncopro-
teins (28, 40). Several pleiotropic activities associated with
HBx expression include the stimulation of mitogen-activated
protein kinase and the tumor necrosis factor alpha and NF-«xB
signaling pathways (4, 23, 28, 40). Consequently, HBx may
influence apoptosis by interacting with the NF-kB signaling
cascade or p53, and it may stimulate cell proliferation through
the activation of cyclin-dependent kinase activities (4, 23, 28,
40).

Previously, we and others demonstrated that HBx inactivates
p53 and p53-mediated activation of p21 (1, 13, 23, 35). More
recently, we showed that HBx contains a functional nuclear
export signal motif utilizing the Crm1/Ran GTPase-mediated
pathway. We further demonstrated that HBx can bind to and
sequester Crm1 in the cytoplasm, thereby altering Crm1/Ran
GTPase-dependent nuclear export of the NF-kB/IkBa com-
plex. An export-defective mutant of HBx (HBx-NESM) failed
to do so (16). Consistent with this finding, liver cells from
HBV-infected chronic viral hepatitis carriers maintain a cyto-
plasmic sequestration of Crm1 (16). Recent evidence indicates
that importin receptors « and 3 as well as their cofactors that
bind to Ran also regulate mitotic spindle assembly. Thus, it is
reasonable to speculate that the Crml export receptor may
also control this process.

We hypothesize that HBx induces genomic instability by
altering the fidelity of centrosome maintenance and duplica-
tion through acting on the Crm1-Ran complex. Here, we show
that both HBx expression and Crm1-specific inhibition induce
abnormal centriole synthesis and formation of multipolar spin-
dles, which are associated with aneuploidy, whereas a nuclear
export signal mutant of HBx lacks such activity. We also dem-
onstrate, for the first time, aneuploidy in noncancerous hepa-
tocytes from HBV-infected chronic liver disease patients. This
study reveals that Crm1 plays a role in maintaining the fidelity
of centrosome duplication and that HBx interferes with this
function. The resultant genomic instability may contribute to
liver cancer development associated with hepatitis B virus in-
fection.

MATERIALS AND METHODS

Cell culture. Telomerase (hTERT)-immortalized normal human fibroblast
cells (NHF-hTERT) were a gift from Judith Campisi. These cells were cultured
in Dulbecco’s modified Eagle’s medium (Invitrogen), supplemented with 10%
fetal bovine serum (FBS; Biofluids), penicillin and streptomycin (1X; 100 U/ml
and 100 pg/ml, respectively), and glutamine (1X, 200 mM). HCT-116 (colon
carcinoma) cells were cultured in Eagle’s minimal essential medium (Invitrogen)
supplemented with 10% FBS, penicillin-streptomycin (1), and glutamine (1X).
HepG2 cells (a hepatoma cell line) were maintained in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, sodium pyruvate (1 mM),
and nonessential amino acids (1X). Cells were incubated at 37°C in a humidified
atmosphere with 5% CO,.

Adenovirus cloning and production. Ad-HBx was constructed essentially as
described previously (38). The Ad-HBXNESM construct (containing an HBx
nuclear export signal mutant) was constructed by inserting the Bg/II-Xbal frag-
ment of pGFP-HBxM2 (16) into the BamHI and Xbal sites of the pZEROTG-
CMYV adenoviral shuttle vector and then transferred to the adenovirus construct.
Adenovirus production and titer determination were performed essentially as
described previously (38).

HBx-dependent HBV DNA replication system. To determine the cellular ef-
fects induced by a physiological level of HBx, we used a previously established
HBx-dependent HBV DNA replication system (27). Analysis of HBV DNA
replication was done as described previously (3, 27). Briefly, the payw1.2 plasmid
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(pHBV) contains a wild-type HBV genome and can replicate in HepG2 cells to
produce viral particles, while the payw=7 plasmid [pHBV(—HBx)] contains the
same length of HBV genome without HBx expression, due to a point mutation
at codon 7 of HBx, resulting in a termination signal. HepG2 cells were trans-
fected with these plasmids by the Nucleofection protocol according to the man-
ufacturer’s instructions (Amaxa Biosystems; http://www.amaxa.com). The HBV
DNA from cytoplasm-derived nucleocapsid particles as an indication of HBV
DNA replication were isolated 4 days posttransfection and analyzed by the
Southern blot technique as described previously (3, 27).

Indirect immunofluorescence assay and confocal analysis. NHF-hTERT or
HCT-116 cells were cultured on four-well chamber slides and either treated with
leptomycin B (2, 10, or 25 nM) or infected with Ad-HBx (multiplicity of infection
[MOI] of 6 for NHF-hTERT and an MOI of 10 for HCT116). We used this MOI
based on the finding that the MOI of 6 gave rise to a moderate abundance
(0.14%) of HBx transcripts (37), which was comparable to the amount of HBx
transcripts (0.1%) expressed in HBV-positive hepatocellular carcinoma samples
(Taro Yamashita, personal communication).

For centrosome analysis on HepG2 cells, exponentially growing cells were
transfected with pHBV or HBV(—HBx) plasmids with the Nucleofection pro-
tocol (see detailed description in the section for analyzing HBV DNA replica-
tion). With this protocol, the transfection efficiency for HepG2 cells was over
64% (see manufacturer’s data and data not shown). Following various times of
incubation, cells were fixed with 4% paraformaldehyde for 10 min and methanol
for 20 min and then incubated in phosphate-buffered saline. Samples were
blocked with 10% normal donkey serum for 1 h at room temperature and stained
with various primary antibodies for 1 h at 37°C, followed by either Alexa 488
fluorescein isothiocyanate-conjugated anti-mouse or -rabbit or Alexa 568 Texas
Red-conjugated anti-mouse or -rabbit antibodies (Molecular Probes). Mouse
monoclonal anti-y-tubulin (GTU-88; Sigma) or rabbit polyclonal anti-y-tubulin
(Sigma) antibodies were used to detect centrosomes. Mouse monoclonal anti-
a-tubulin (clone B-5-1-2; Sigma) was used to detect spindles. Mouse monoclonal
anticentrin antibody (gift from J. Salisbury) was used to detect centrioles. For
determining the localization of Crm1 at centrosomes, cells were extracted with
0.1% Triton X-100 and immediately fixed as described above. Nuclei were
stained with 4’,6'-diamidino-2-phenylindole (DAPI). Conventional or confocal
fluorescence microscope analysis was done essentially as described previously
(16).

Cell cycle analysis. NHF-hTERT cells were synchronized by serum starvation,
infected with control virus (Ad-CMV) or HBx virus (Ad-HBx) at an MOI of 10
for 24 h alone or treated with 5 Gy of y-radiation, and then released into medium
containing 10% FBS and bromodeoxyuridine (65 pM). Cells were trypsinized,
washed twice with phosphate-buffered saline, pelleted, and fixed with 70% eth-
anol overnight at 4°C. Samples were then stained with antibromodeoxyuridine-
fluorescein isothiocyanate antibody, treated with 20 pl of RNase per ml for 30
min, counterstained with 60 pg of propidium iodide per ml for DNA content, and
then subjected to FACScan analysis.

Western blot analysis. Western blotting analysis was described previously (16).
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to nitrocellulose membranes (Invitrogen),
blocked with 5% milk, and probed with appropriate antibodies, i.e., phospho-Raf
(Ser 259), phospho-MEK1/2 (Ser217/Ser221), MEK1/2 antibody, phospho-
ERKI1/2 (Thr202/Tyr204), and ERK1/2 antibody from Cell Signaling Technol-
ogy; DO-1 (p53 antibody), anti-WAF1, anti-cyclin E, anti-cyclin A, and anti-
Cdk2 from Santa Cruz, and then detected by chemiluminescence (ECL kit;
Amersham).

Interphase fluorescence in situ hybridization analysis. Archived frozen tissues
were allowed to thaw briefly on ice and “touched” to glass slides (Plus Gold
slides; Thomas Scientific) and then fixed in sequential 70%, 90%, and 100%
ethanol for 3 min each. Samples were allowed to air dry and treated with pepsin
(Sigma) for various predetermined incubation times. Fluorescence in situ hy-
bridization detection was performed as previously described (39) with specific
bacterial artificial chromosome clones for chromosomes 1q (243 M13) and 6p
(175A4). Fluorescence-labeled DNA probes were hybridized to denatured slides
and incubated in a humidified chamber at 37°C overnight. Nuclei were stained
with DAPI and mounted with 1,4-phenylenediamine (Anti-fade; Sigma).

RESULTS

Induction of centrosome amplification and aberrant mitosis
by HBx. The ability of HBx to disrupt the fidelity of centro-
some number was determined by expressing HBx in human cell
lines. To ensure efficient expression of the HBx gene, we con-
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FIG. 1. Induction of abnormal spindle pole formations by HBx. NHF-hTERT cells were infected with adenovirus encoding HBx (Ad-HBx)
(panels e to h and j to 1) or a control adenovirus (Ad-CMV) (panels a to d and i). Centrosomes were visualized by staining cells with rabbit
polyclonal anti-y-tubulin antibody (green), followed by propidium iodide for staining chromatin (red) (panels a to h). For analysis of mitotic
spindles, cells were coimmunostained with rabbit polyclonal anti-y-tubulin antibody (green) and mouse monoclonal anti-a-tubulin antibody (red)

(panels i to 1). Representative images are shown. Magnification, X630.

structed replication-defective adenoviral vectors encoding ei-
ther wild-type HBx (Ad-HBx) or a nuclear export signal-mu-
tated HBx (L98A, G99A, and L100A) (Ad-NESM). Efficient
expression of wild-type HBx and the HBx NESM mutant were
verified by Western blot analysis with anti-HBx antibodies
(data not shown). However, we were not able to immunocyto-
chemically detect HBx expression at the single-cell level with
the amount of Ad-HBx used.

To determine whether wild-type HBx affects centrosome
numbers, centrosomes were visualized immunocytochemically
in an hTERT-immortalized normal human fibroblast line
(NHF-hTERT) with a rabbit polyclonal anti-y-tubulin anti-
body. Uninfected NHF-hTERT cells (data not shown) and
cells infected with control adenovirus (Ad-CMV) contained
the typical one or two +y-tubulin-positive foci (indicative of
centrosomes) in interphase (data not shown) and at various
stages of mitosis (Fig. 1la to d, Table 1). Two centrosomes in
each normal mitotic cell ensured the formation of a bipolar
spindle (Fig. 1i). In contrast, Ad-HBx-infected cells contained
more than two y-tubulin-positive foci in 7% of interphase and
39% of mitotic cells (Fig. le to h, Table 1). Some of the Ad-
HBx-infected mitotic cells contained more than 10 y-tubulin-

positive foci (Fig. 1e). Many of the M-phase -y-tubulin-positive
foci in both Ad-CMV- and Ad-HBx-infected cells were juxta-
posed to condensed chromatin (Fig. 1c, d, f, and g). Double
immunostaining for o- and y-tubulin revealed the formation of
multipolar spindles (Fig. 11).

Many HBx-expressing mitotic cells exhibited abnormal mi-
totic spindle assembly, as evidenced by the presence of more
than two spindle poles (Fig. 1j to 1) and/or disarrayed micro-

TABLE 1. Induction of centrosome amplification in NHF cells by
wild-type HBx but not by a nuclear export signal mutant”

Interphase Mitosis
No. of No. of
Construct centro- % of cells centro- % of cells
somes with centrosome somes with centrosome
_ amplification _ amplification
1-2 =3 12 =3
Ad-CMV 974 13 1.3 86 7 7.5
Ad-HBx 971 71 6.8 115 75 39.3
Ad-NESM 537 6 1.1 185 16 8.0

¢ Mitotic indices: Ad-CMV, 6.1% (53 of 865); Ad-HBx, 10.9% (108 of 995).
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FIG. 2. Destabilization of chromosomes by HBx. To determine the fidelity of chromosome segregation, cells were infected with control
(Ad-CMV) or AD-HBx adenovirus and incubated for 48 h. Cells were treated with 0.56% KClI for 5 min and fixed with methanol-glacial acetic
acid (3:1). Mitotic spreads were prepared and stained with Giemsa. Mitotic cells were randomly selected, and the number of chromosomes per
mitotic cell was counted. A total of 30 mitotic cells were analyzed for each condition.

tubules (Fig. 1k). Aberrant mitotic cells were often observed in
Ad-HBx-infected samples (Fig. 1g and h), and some appeared
to display two sets of spindle poles in a single mitotic cell, as if
they had attempted to divide twice (Fig. 1h), possibly as a
result of unequal chromosome segregation due to multiple
centrosomes. Increased numbers of centrioles, as determined
by an anticentrin monoclonal antibody, were observed in NHF-
hTERT cells infected with Ad-HBx (data not shown). It was
also noted that supernumerary centrosomes in NHF-hTERT
cells induced by HBx were more pronounced in mitosis than in
interphase (Table 1), implying that HBx may preferentially
affect mitotic components of the centrosome duplication cycle.

Multipolar spindles during mitosis may lead to unequal
chromosome segregation, resulting in aneuploidy. Consistent
with this prediction, metaphases from about 73% of HBx-
infected NHF-hTERT cells and 90% of HBx-infected HCT116
cells displayed a chromosome loss or gain, compared with only
13% and 17%, respectively, when infected with control Ad-
CMV virus (Fig. 2). These results indicate that HBx is able to
directly induce genomic instability in both normal fibroblasts
and diploid colon epithelial tumor cells.

HBx-expressing cells have normal y-radiation-induced cell
cycle checkpoints. Faithful centrosome duplication relies on
normal cell cycle progression (5). HBx expression has been
shown to stimulate cell proliferation, possibly through the ac-
tivation of cyclin-dependent kinases (2) and inactivation of cell
cycle checkpoint proteins, including p53 and p21 (35). To de-

termine whether the HBx-induced centrosome abnormalities
could be due to interference with cell cycle checkpoints, Ad-
HBx-infected NHF-hTERT cells treated with vy-radiation or
untreated were analyzed by fluorescence-activated cell sorting.
NHF-hTERT cells were synchronized in G,/G, by contact
inhibition and serum starvation (0.1% FBS) for 48 h. The
quiescent cells were infected with Ad-CMV or Ad-HBx
(MOI = 10) and incubated for an additional 24 h in low serum.
Cell cycle reentrance was achieved by subculturing to low den-
sity and adding 10% FBS. While greater than 95% of serum-
starved cells were in Gy/G,, over 60% of the cells had pro-
gressed past the first G,-S checkpoint 24 h after release. About
10% of these cells had reached the second G, phase in this
time period, indicating that they had proceeded through the
subsequent G,-M checkpoint (Fig. 3). By 48 h, greater than
80% of the cells had bypassed the first G,-S checkpoint, and at
least 60% had bypassed the subsequent G,-M checkpoint (Fig.
3A).

Consistent with previous observations (2), HBx slightly stim-
ulated cell proliferation, as evidenced by the higher percent-
ages of bromodeoxyuridine-positive cells and an increase in
mitotic index (Fig. 3B, Table 1). Moreover, the amount of
Ad-HBx used to observe multipolar spindles only minimally
activated mitogen-activated protein kinase with no alteration
of the level of several cell cycle-dependent proteins (data not
shown). However, the induction of a G, or G, arrest after
y-irradiation was apparently normal in Ad-HBx-infected cells
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FIG. 3. HBx weakly stimulates cell cycle progression without induction of any measurable changes in y-radiation-induced cell cycle checkpoints
or expression of various cell cycle regulators. NHF-hTERT cells were synchronized by serum starvation in the presence of control (Ad-CMV) or
HBx (Ad-HBx) adenovirus. Cells untreated or treated with 5 Gy of y-radiation were released into the cell cycle in medium containing 10% FBS
and bromodeoxyuridine (BrdU). Cells were harvested at 0, 24, 48, and 72 h and subjected to FACScan analysis. (A) Representative FACScan
profiles from uninfected and unirradiated (IR) samples. Events above the horizontal lines indicate bromodeoxyuridine-positive cells that were
included in the analysis to examine the effect of HBx in panel B. Arrows indicate bromodeoxyuridine-positive G, events, which represent cells that
divided successfully and entered a second G;. (C) Unsynchronized NHF-hTERT cells were infected with control or HBx adenovirus and incubated
for 24 h. Cell lysates were subjected to Western blot analysis with antibodies specific to cyclin E, cyclin A, cdk2, p53, p21, HBx, and B-actin.

(Fig. 3B). Furthermore, there was no significant change in the
levels of cyclin E, cyclin A, Cdk2, p53, and p21 upon HBx
expression (Fig. 3C). These experiments demonstrate that
while HBx stimulates cell growth, DNA damage-induced cell
cycle checkpoints remain intact.

HBx induces supernumerary centrosomes in p53- and p21-
deficient cells. Loss of p53 or p21 can lead to supernumerary
centrosomes (6, 17). To test whether induction of supernumer-
ary centrosomes by HBx depends on inactivation of the p53-
dependent pathway, wild-type, p53~/~, or p21~/~ HCT116
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FIG. 4. HBx induces supernumerary centrosomes in p53- and p21-
deficient cells. Cells were infected with control (Ad-CMV) or HBx-
containing (Ad-HBx) adenovirus for 24 h and then analyzed essentially
as described for Fig. 1. Data were obtained from three independent
experiments, and at least 150 cells were analyzed in each experiment.
A Student’s ¢ test was used to compare Ad-CMV with Ad-HBx, and
P values are indicated.

cells were infected with Ad-CMV or Ad-HBx at an MOI of 10.
About 10% of wild-type, 15% of p21~/~, and 20% of p53~/~
HCT116 cells contained three or more centrosomes when in-
fected with Ad-CMV (Fig. 4). Ad-HBx infection resulted in a
statistically significant increase in cells that contained three or
more centrosomes in both wild-type and p21~/~ cells (P <
0.05), demonstrating that p21 is not required for HBx-induced
supernumerary centrosomes. Although Ad-HBx further en-
hanced centrosome abnormality in p53~/~ cells, the difference
was statistically insignificant (P = 0.2). Thus, the involvement
of p53 in HBx-mediated abnormal centrosomes requires fur-
ther investigation.

HBV-induced supernumerary centrosomes require func-
tional HBx. To determine whether the induction of supernu-
merary centrosomes by ectopic expression of HBx has any
physiological relevance, we analyzed centrosomes in a hepa-
toma cell line (HepG2) transiently transfected with replica-
tion-competent wild-type HBV DNA (pHBV) or an HBx-de-
ficient HBV DNA [pHBV(—HBx)]. Consistent with published
data (27), pHBV but not pHBV(—HBEx) replicated efficiently
in HepG2 cells (Fig. SA). Because HBx preferentially induced
supernumerary centrosomes in mitotic cells, we focused our
analysis on mitotic HepG2 cells. In control mitotic cells, a total
of approximately 10, 7, and 7% of cells with abnormal centro-
somes were observed at 24, 48, and 72 h, respectively, after
transfection (Fig. 5B). There was a significant increase in mi-
totic cells with abnormal centrosomes at all three time points
in pHBV-transfected cells, but not in pHBV(—HBx)-trans-
fected cells (Fig. 5B). These analyses indicate that induction of
supernumerary centrosomes in HepG2 cells by HBV depends
on a physiological expression of HBx during HBV replication.

Leptomycin B mimics HBx induction of aberrant centriole
replication and multipolar spindles. Recently, we showed that
wild-type HBx but not a nuclear export signal mutant colocal-
izes with and sequesters Crml in the cytoplasm, thereby in-
ducing NF-«kB/IkB nuclear localization (16). Therefore, we
next examined whether an adenovirus vector encoding a nu-
clear export signal mutant of HBx (Ad-NESM) could induce
supernumerary centrosomes in NHF cells. Table 1 shows that
while wild-type HBx efficiently induced supernumerary centro-
somes and abnormal spindles, Ad-NESM was totally devoid of
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such activity (Table 1). These data raise the possibility that
HBx-mediated alteration of Crm1 localization, and hence its
activity, may give rise to the observed supernumerary centro-
somes and abnormal mitoses. Consistently, induction of super-
numerary centrosomes in HepG2 cells by pHBV was effec-
tively blocked by overexpression of Crm1 (Fig. 5B). To further
assess whether Crml has a role in controlling centrosome
number, we treated NHF-hTERT cells with a Crm1-specific
inhibitor, leptomycin B. Leptomycin B specifically bound to
Crml, thereby inactivating the Crml-dependent nuclear ex-
port pathway. Treatment of NHF-hTERT cells with leptomy-
cin B resulted in a dose-dependent increase in the percentage
of mitotic cells with supernumerary centrosomes (Fig. 6b to d).
The effect was observed as early as 2 h.

We also used a monoclonal anticentrin antibody to deter-
mine the status of centrioles after treatment with leptomycin B.
Untreated cells always displayed paired centrin signals, which
colocalized with y-tubulin (Fig. 6¢), indicating the presence of
a single centrosome. In contrast, leptomycin B-treated cells
often contained more than four centrin signals (Fig. 6f to h).
The centrin signals were frequently well separated, and some
were not even associated with y-tubulin (Fig. 6g to h). Many
leptomycin B-treated mitotic cells contained three or more
y-tubulin-positive foci, some of which were associated with
either a single or three more centrin signals. These results
imply that disruption of a Crm1-dependent process may result
in abnormal centriole replication, which in turn leads to ab-
normal spindles. Electron microscope analysis revealed the
presence of extra minicentrioles that were separated from their
mother centrioles (Fig. 6k) or abnormally elongated centrioles
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FIG. 5. Induction of supernumerary centrosomes in HepG2 cells
by HBV DNA in an HBx-dependent manner. (A) HBV replication is
dependent on HBx expression. Consistent with previously published
data (27), high levels of HBV replicative forms (cytoplasmic nucleo-
capsid particles) can be detected in HepG2 cells transiently transfected
with the wild-type HBV construct (pHBV), but not with an HBx-
devoid HBV construct, pHBV(—HBEx), for 4 days. The relaxed circular
(RC), double-stranded linear (DL), and single-stranded (SS) DNA
species are indicated by arrows on the left. (B) HepG2 cells were
transfected with the pHBV or pHBV(—HBx) construct and incubated
for 24, 48, or 72 h. Cells were fixed and analyzed for centrosomes as
described for Fig. 1. At least 100 mitotic HepG2 cells were analyzed for
each condition in each experiment, and more than two centrosomes in
each mitotic cell were considered abnormal centrosomes. Where error
bars are shown, data were obtained from three independent experi-
ments. A Student’s ¢ test was used to compare the experimental groups
to the control, and statistically significant P values are indicated.
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FIG. 6. Aberrant centriole replication and formation of multipolar
spindles induced by Crml-specific inhibitor leptomycin B. (a to h)
Untreated (a and e) and 50 nM leptomycin B-treated (b to d and f to
h) NHF-hTERT cells were fixed at 2 h and then coimmunostained with
antibodies specific to either y-tubulin (green) and a-tubulin (red) (a to
d) or y-tubulin (red) and centrin (green) (e to h). Chromatin was
stained with DAPI (blue). A representative single cell image is shown
in panels g and h. Magnification, X630. Arrows indicate centrioles. (i
to 1) Electron micrographs of thin sections of untreated NHF-hTERT
cells with normal centriole pairs (i and j) and leptomycin B-treated
cells with abnormal centrioles (arrowheads) (k and 1). Bar, 0.5 pm.
Three cells with abnormal centrioles were observed among a total of
50 cells surveyed. (m) Mitotic NHF-hTERT cells with abnormal cen-
trosomes (each cell contained more than two centrosomes) were quan-
tified in the absence and presence of various concentrations of lepto-
mycin B (LMB) and at different time points. At least 200 mitotic cells
were analyzed. The mitotic index (percent mitotic cells) was also re-
corded.

(Fig. 6]) in leptomycin B-treated NHF-hTERT cells. The effect
of leptomycin B did not appear to be the result of a continued
centrosome cycle in the presence of cell cycle arrest, because
minimal mitotic arrest was observed in cells treated with lep-
tomycin B at early time points (Fig. 6m).
Immunocytochemistry analysis with a polyclonal anti-Crml1
antibody indicated that greater than 90% of Crm1 was local-
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FIG. 7. Fraction of Crml protein is located with centrosomes and
is disrupted in leptomycin B-treated cells. (a) Untreated NHF-hTERT
cells; (b) NHF-hTERT cells treated with 10 nM leptomycin B for 2 h.
Cells were briefly incubated with Triton X-100 to remove soluble
proteins as described in Materials and Methods, fixed, and coimmu-
nostained with polyclonal anti-Crm1 antibodies (green) and monoclo-
nal anti-y-tubulin antibody (red). Representative cells are shown.
Magnification, X630.

ized in the nucleus of NHF cells (data not shown). To test
whether a small fraction of Crm1 protein could be found at the
centrosomes, we incubated cells with Triton X-100 to remove
soluble Crm1 prior to fixation and immunocytochemistry anal-
ysis. With this approach, we found a fraction of Crm1 colocal-
izing with every centrosome in the cells (Fig. 7a). Similarly, the
GFP-Crm1 signal, when transiently expressed, was found to be
localized with centrosomes (data not shown). In contrast, after
treatment with leptomycin B, we often observed cells with
centrosomes that lacked any detectable Crm1 signal, particu-
larly in cells with more than two centrosomes (Fig. 7b). Thus,
it appears that Crm1 acts directly at the centrosome and that
amplified centrosomes are free of its actions.

Increased frequency of aneuploidy in HBV-positive liver tis-
sues. Due to the observed defects in centrosome number and
mitotic spindles, we used interphase fluorescence in situ hy-
bridization to identify changes in chromosome number in liver
cells from patients chronically infected with HBV. Because the
gain of a hybridization signal can be quantitated with more
confidence than a loss, we selected chromosomes 1 and 6 as
targets due to their preferential gain in HBV-related hepato-
cellular carcinoma. Cultured lymphocytes from a healthy indi-
vidual (NL) were used to verify the efficiency of probe hybrid-
ization to mitotic spreads (Fig. 8a) and interphase cells (Fig.
8b). Touch preparations of liver tissues from two healthy do-
nors and five chronically HBV-infected patients were included
for this analysis. Interphase cells with strong hybridization sig-
nals in areas with minimal background from connective tissue
were randomly selected, and the number of fluorescent signals
(red for chromosome 6 and green for chromosome 1) in 100
cells was quantified for each sample.

In this analysis, a normal diploid cell (2NV) would contain two
fluorescent signals and a tetraploid cell (4N) would contain
four fluorescent signals. Cells containing more than four fluo-
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rescent signals were scored as a gain. A cell containing three
fluorescent signals may also be aneuploid or tetraploid, with a
fourth signal being obscured. Almost all of the NL cells and
>80% of the hepatocytes from two normal liver donors were
2N, with the remainder being primarily 4N. Aneuploidy was
rarely (1%) detected in these cells. In contrast, an increased
frequency of aneuploidy (>4 copies of fluorescent signals) was
detected in all five HBV samples (2 to 11%), with some cells
containing more than 10 copies of chromosome 1 or 6. These
data indicate that aneuploidy for chromosomes 1 and 6 occurs
in HBV-infected liver cells prior to the development of hepa-
tocellular carcinoma.

DISCUSSION

We have shown that the hepatitis B virus-encoded HBx gene
is able to induce supernumerary centrosomes and multipolar
spindles. This is reminiscent of the activity by the oncogenic
papillomavirus-encoded E6 and E7 proteins (12). Because
most human cancers show centrosome abnormalities (25) and
E7-induced abnormal centrosome synthesis is an early event in
the evolving malignant phenotype (11), abnormal amplification
of centrosomes and structural alteration of centrosomes may
be early events during human carcinogenesis. Our results sup-
port this model, as we showed that oncogenic HBx can induce
multipolar spindles and aneuploidy. Moreover, aneuploidy can
be detected in livers chronically infected with HBV, a preneo-
plastic condition predisposing individuals to hepatocellular
carcinoma. It should be noted that we have not demonstrated
abnormal centrosomes in HBV-positive liver tissues due to
technical difficulties. The connection between the observed
aneuploidy in premalignant liver tissues and an in vitro effect
of HBV-induced multipolar spindles is only correlative and
requires further investigation.

Our studies revealed a novel role for the Crml nuclear
export receptor in regulating the fidelity of mitotic centrosome
maintenance. We show that wild-type HBx, but not a nuclear
export-deficient mutant, was able to induce centrosome abnor-
malities in mitotic cells, as illustrated by abnormal centrioles
and the formation of multipolar spindles. Similarly, a Crm1-
specific inhibitor, leptomycin B, resembled HBx in its ability to
induce such centrosome abnormalities. Furthermore, colocal-
ization of Crml and +v-tubulin in the pericentriolar matrix
appeared to be disrupted by leptomycin B treatment. Our
results are consistent with the model that Crm1 may act either
alone or together with Ran and other nuclear export signal-
containing cellular factors to maintain the fidelity of centro-
some duplication.

Although it has been demonstrated that the centrosome is
capable of duplicating itself independent of cell cycle transition
(10), it can only duplicate once per cell cycle under normal
conditions. This process is initiated by splitting of mother and
daughter centrioles, most likely through phosphorylation by
cyclin-dependent kinases (10). This unique ability implies that
there are intricate mechanisms to inhibit unscheduled centri-
ole synthesis and splitting throughout the cell cycle except at
the G, to S transition. Nucleophosmin was identified recently
as a candidate to inhibit centriole splitting in the G,/G, phase
(32). It is plausible that different inhibitors may be responsible
for preventing unwanted centriole synthesis or splitting in
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CH-6p
Clinical

Patient ID  Group <2 3 4 >4 <2 3 4 >4
control NL 99 1 0 O 87 12 1 0
HH914 normal 81 1 18 O 78 2 20 O
HH298 normal 83 0 16 1 n.d.
90-5040 HBV 71 12 6 11 80 9 9 2
90-63 HBV 7 11 8 5 7% 11 11 3
92-2007 HBV 73 12 11 4 80 5 9 6
90-3946 HBV 77 9 9 b n.d.
92-5284 HBV 78 5 8 9 n.d.

FIG. 8. Increased frequency in gains of both chromosomes 1 and 6 associated with chronically hepatitis B virus-infected liver samples.
Metaphase spreads of normal lymphocytes were used as a control to determine the efficiency of fluorescence in situ hybridization and to show that
the bacterial artificial chromosome probes hybridized to desired chromosomes 1q (green) and 6p (red) (a). Touch preparations from two normal
livers (b) and five HBV-positive liver samples (¢ and d) were then hybridized with the bacterial artificial chromosome clones. A total of 100 cells
were analyzed for each sample, and the number of copies of chromosomes 1q and 6p per cell was determined and is summarized in the table. n.d.,

not determined.

newly duplicated centrosomes. Our data showed that inactiva-
tion of Crml can lead to abnormal centriole synthesis and
multipolar mitoses. Consistently, electron microscope analysis
indicated that many leptomycin B-treated cells contain extra
minicentrioles, as if they had been synthesized prematurely
and split from their mother centrioles prior to completion of
synthesis. Moreover, many of the centrioles in leptomycin B-
treated cells did not appear to contain y-tubulin, a part of the
pericentriolar matrix. Taken together, these data imply that
Crml1 plays an essential role in preventing extra centriole syn-
thesis and possibly splitting and unscheduled centrosome du-
plication, thus ensuring the fidelity of chromosome segrega-
tion.

Because Crml is involved in nuclear transport of many cel-

lular proteins, including cell cycle regulators and transcription
factors, it is possible that HBx or leptomycin B can induce
multipolar spindles by disrupting Crm1-dependent transport of
cellular proteins involved in transduction of cell cycle signals or
gene expression. However, recent studies have revealed a di-
rect role of most of the Ran-associated proteins in spindle
assembly that is independent of protein transport (9). For
example, Ran is a typical GTPase that cycles between the
GTP-bound and GDP-bound states, principally through the
actions of cytoplasmic RanBP1 and nuclear chromatin-bound
RCC1 (9). In addition to its role in nucleocytoplasmic trans-
port, Ran and its GTPase-related proteins (including Ran-
GAP1, RCC1, and RanBP1) are also essential for microtubule
assembly and the formation of normal mitotic spindles (9).
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These two independent cellular processes may both rely on
Ran and Ran-associated proteins.

It is known that when bound to Ran-GTP, importin o and 3
do not bind to nuclear localization signal proteins. On the
contrary, the Crm1 export receptor only has high affinity for
the nuclear export signal proteins when bound to Ran-GTP.
These features led to the hypotheses that spindle assembly may
be initiated either by the formation of a complex of Crm1-Ran-
nuclear export signal proteins or by the dissociation of import
receptors and Ran from their nuclear localization signal pro-
teins (19). Recent studies indicate that importin « and B can
negatively regulate nuclear localization signal-containing pro-
teins such as TPX2 and NuMA to modulate microtubule as-
sembly (19, 29). In light of the recent findings as well as the
data presented here, we propose the following working model.
The formation of functional bipolar spindles requires both a
positive regulatory signal for microtubule nucleation by the
Ran-GTP/importin/nuclear localization signal complex and the
inhibition of centriole splitting by the Ran-GTP/Crm1/nuclear
export signal complex. Analogous to nuclear localization sig-
nal-containing proteins, such as TPX2 and NuMA, that par-
ticipate in microtubule nucleation, we speculate that there are
specific nuclear export signal-containing proteins that may be
responsible for Crm1-mediated negative regulation of centro-
some synthesis. Together, these two steps ensure the fidelity of
bipolar spindle assembly, and the loss of its control may lead to
chromosomal instability, aneuploidy, and tumorigenesis.
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